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Abstract
There are currently over 700 hundred Global Navigation Satellite System (GNSS) reference stations actively broadcasting corrections (Active Control Stations -ACSs) in Canada. This number has been consistently growing since the early 2000s. In 2009, the federal, provincial and territorial members of the Canadian Council on Geomatics (CCOG) recognized that consumers of GNSS corrections data had very little ability to verify that service providers were following best practices to ensure the quality of their work. It is common for surveyors to delineate property boundaries or to define the location of civil infrastructure with significant economic value, so being dependent upon another party without quality assurance was perceived as a major risk. Additionally, this new dependence upon commercial ACSs for GNSS corrections posed a threat to the consistency of position values in Canada.
To address this concern, CCOG tasked its Canadian Geodetic Reference System Committee (CGRSC) with The establishment of a reference station requires careful consideration for site location. Good satellite visibility is needed to maximize the number of commonly viewed satellites when a user is in the field, a condition that is required for differential data processing [Leick 1990 ]. Equipment must be located in a secure location. Power and telemetry options must also be considered. Finding suitable reference locations can take time.
Organizations within the private sector, public sector and academia have recognized the value of continuously operating, GNSS reference stations. Such investments can significantly reduce the time required to conduct a survey by eliminating the setup and tear down of a temporary reference station.
Additionally, positioning accuracy and ambiguity resolution time can be improved by leveraging a polygon of permanent reference stations.
Currently, there are over 700 hundred GNSS reference stations actively broadcasting corrections (Active Control Stations -ACSs) in Canada. This number has been consistently growing since the early 2000s. In 2009, the federal, provincial and territorial members of the Canadian Council on Geomatics (CCOG) D r a f t recognized that consumers of GNSS corrections data had very little ability to verify that service providers were following best practices to ensure the quality of their work. It is common for surveyors to delineate property boundaries or to define the location of civil infrastructure with significant economic value, so being dependent upon another party without quality assurance was perceived as a major risk.
Additionally, this new dependence upon commercial ACSs for GNSS corrections posed a threat to the consistency of position values in Canada.
To address this concern, CCOG tasked its Canadian Geodetic Reference System Committee (CGRSC) with developing a plan to describe, validate and provide certification of the D-GNSS RTK corrections services consumed by industry. This paper summarizes the development of NRCan's Compliance Program for High Accuracy, GNSS Services and how it can benefit professional surveyors across Canada.
Solution Considerations
In devising a solution to address the concerns of CCOG, several considerations needed to be addressed. There is never a guarantee that a reference station will behave as expected, but by following certain best practices, performance anomalies can be minimized. This is critical in an industry where end users are dependent on another party for accurate results. 
Tools
In response to the previously described solution considerations, tools have been developed to help address industry needs as subsequently described. The tools have been in development since 2011, through ongoing consultations between CGRSC and service providers.
Best Practices for GNSS Service Providers
There is never a guarantee that a reference station will behave as expected, but by following certain best practices, performance anomalies can be minimized. To assist GNSS service providers in installing stable reference stations having high uptime, best practices were compiled. The best practices are based upon the installation experiences of CGS and other provincial geodetic agencies and best practices developed by other nations. Topics such as choice of construction materials, antenna mast design, and data handling are discussed [CGS 2017] .
Coordinate Calculation Services
CGS now offers coordinate calculation services at no charge for organizations operating reference stations whose data is consumed by a third party. As subsequently described, it is expected that the organization will commit to making the station's data available for analysis on an ongoing basis. Interested D r a f t organizations must provide sufficient data (2 weeks or more) to facilitate initial coordinate calculations.
By offering such a service, it is hoped that the integrity of the CSRS will be maintained.
Currently, CGS routinely processes data from several commercial RTK networks, most of whom provide reference station data on a daily basis. Rigorous, geodetic, processing techniques are employed to achieve the highest accuracy. Each network is processed separately in combination with a set of global reference frame stations (e.g., the Canadian Active Control Stations) to provide network constraints. Experience has shown that using less data can result in unreliable velocity estimates. week to estimate the new weekly coordinate solutions and to combine it into an updated cumulative solution. Consequently, preliminary coordinates from the monthly cumulative solutions typically take a minimum of 3 weeks to generate once 2 weeks of data is made available for processing.
Reference Station Position Monitoring
As described, a reference station's position may vary or change for a number of reasons. At some point, the difference between the true and published coordinate values will exceed the user's error tolerance, negatively impacting survey results. For monitoring purposes, thresholds of 2 cm horizontally and 3 cm vertically were deemed to be the maximum tolerable errors before RTK results become negatively affected, while at the same time not putting too onerous demands on service providers to constantly update coordinate values.
As described in the previous section, weekly solutions are used to monitor the stability of a reference station. Figure 1 gives an example of a detected horizontal discontinuity that could be caused, for example, by a sudden shift in reference station location or by a change in the antenna mounting hardware.
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In such circumstances, it is often necessary to estimate a new reference station position after the discontinuity. Figure 2 illustrates a station exhibiting large seasonal variations in the vertical position. Such variations can cause a station to exceed agreement thresholds during specific times of year (often during the winter months). Thermal expansion of the antenna mast, thermal expansion of the building on which the antenna mast is mounted, snow and ice on the antenna, and other environmental effects can cause this type of behaviour. In such cases, it is advisable to find and mitigate the source of the variation, which may involve moving to another site.
A reference station may also illustrate a runaway trend, as illustrated in Figure 3 . In this scenario, a reference station illustrates a velocity that may be caused by an unstable monument or a geophysical effect, for example. A new coordinate can be generated for the station, but unless the underlying cause of the velocity is addressed, the problem will continue to occur. This may mean relocating the station to a less precarious geophysical region or stabilizing the monument's construction.
The majority of reference stations monitored by CGS illustrate behaviour similar to that illustrated in Figure 4 . The reference stations are relatively stable over time, illustrating only small variations from the published position and minimal data outages. It is impossible to predict how a reference station will behave once installed and to prevent all data outages, but by following best practices and implementing monitoring tools like the ones developed by CGS, the needs of industry can be protected.

Data Availability Monitoring
In the best practices for GNSS service providers, it is recommended that service providers promptly advise subscribers when a station goes offline. It is also recommended that service providers make available station uptime plots so that subscribers can verify reference station uptime for the duration of a survey.
By service providers agreeing to transfer daily GNSS data files to CGS, CGS can also determine when data outages occur over a longer term, adding a further level of protection for users of the technology.
GNSS Reference Station Status Web Site
A web page was developed that allows users of the technology to query the status of GNSS reference stations in Canada ( Figure 5 ). Information regarding reference station stability and data availability can be obtained. Information is available for reference stations of organizations that willingly participate in an
NRCan Compliance Program for High Accuracy, GNSS Services, subsequently described.
In 2014, CGS began entering into formal agreements with interested service providers to address the concerns of CCOG. CGS is a key member of CGRSC, having the largest resource capacity to undertake such an endeavour. Through the agreement, NRCan agrees to:
1. Provide official CGS generated reference station coordinates, integrated into the CSRS;
2. Maintain a public record of these official coordinates; and 3. Monitor and display publically the differences between the current (weekly) coordinates and the official published coordinates.
At the same time, the service provider agrees to:
1. Provide continuous access to reference station GNSS observation data using open Internet protocols;
2. Maintain station metadata in the format prescribed by the International GNSS Service's (IGS) site log (or other mutually agreed upon) format; and 3. Adopt the official CGS supplied coordinates for their reference stations.
Once the provider confirms that they have adopted the official coordinates for their reference stations, their GNSS reference station network is added to the CGS GNSS reference stations monitoring website.
Each service provider's network is shown separately on a map of Canada. The web page displays each station in green, yellow, or red depending on the station's status (Figure 6 ) using the following criteria: 
Other Considerations
Adoption into Standards of Practice by Professional Surveyors' Associations
Seeing that the Compliance Program protects the best interests of consumers of GNSS corrections, professional surveyors' associations are encouraged to update their standards of practice to only allow GNSS corrections to be consumed from service providers who have entered into a Compliance Agreement with CGS. This will acknowledge the voluntary efforts of the service providers that are currently compliant and add incentive for others to become compliant. It will also ensure that the services that surveyors rely upon are compatible with the CSRS.
Public Network Integration
Although the original target of the Compliance Program was commercial GNSS service providers, it is clear that there is benefit to including any organization offering high accuracy GNSS corrections services to another party. For example, the Compliance Program can apply to public infrastructure operated by provinces, municipalities or cities. Such an effort will also help to ensure that surveyors relying upon services from this infrastructure will obtain results compatible with the CSRS.
Real-time, Precise Point Positioning Services
In primarily been on applications in surveying, it is clear that the technology is becoming embedded in our daily lives and the need for quality control and quality assurance in this industry has never been greater.
It is anticipated that the services offered by CGS will continue to evolve as new applications for the technology emerge and tighter requirements for quality control are needed.
Conclusion
In response to concerns raised by CCOG regarding the provision of commercial GNSS positioning services, a compliance agreement has been created. The agreement is voluntarily entered into with CGS by organizations providing access to high accuracy, GNSS corrections. Through the agreement, CGS provides coordinates to the service provider for their reference stations and monitors the stability and uptime of the stations. The service provider provides CGS with access to the stations' data, maintains an accurate site log and implements the CGS generated coordinates for the site. Through this relationship, the integrity of positioning in Canada can be upheld by ensuring that service providers are compatible with the CSRS. It is anticipated that the services offered by CGS will continue to evolve as new applications for the technology emerge and tighter requirements for quality control are required. The full benefits of this service will only be realized when professional associations relying upon positioning services embrace the agreement in their standards of practice. 
